Abstract-In this paper, several mode-stirrer configurations are compared in order to establish their influence on the electric-field uniformity within an irradiated dielectric sample inserted in a microwave-heating applicator. Two different scenarios are evaluated with metallic sheets moving inside the multimode applicator. The different stirrer configurations are tested and compared for low-, medium-, and high-loss dielectric sample materials. Additionally, a straightforward procedure based on a generalized plane-wave approach is proposed and evaluated as a computationally efficient alternative for calculating the electric-field distribution inside materials processed in these microwave applicators with mode stirrers. Although very different electric patterns are achieved depending on stirrer geometry and sample permittivity, the plane-wave approach has been shown to provide a very good approximation for medium and high lossy dielectric materials.
I. INTRODUCTION

M
ODAL stirrers are the most widely accepted method to improve the uniformity of heating patterns on dielectric materials processed in multimode applicators, thus avoiding undesirable "hot spots." In a previous paper [1] , a two-dimensional (2-D) method for inferring the electric-field distribution inside materials irradiated in multimode cavities with some mode stirrers was described and compared with classical approaches such as Lambert's Law [2] - [4] . Some simulation results obtained with the method described in [1] , and validated with temperature measurements, stated that Lambert's Law could only be applied with acceptable accuracy to high loss dielectrics.
Despite the mode stirrers' movement, numerical and experimental results indicated that, for high-loss materials, a more intense electric field was found at the edges of the sample, which heated at a much higher rate than its center. Additionally, the comparison of a constant electric-field distribution within the sample, which is commonplace in microwave-assisted drying processes [5] , to the patterns obtained in [1] provided large discrepancies. This reduced further the range of validity for this constant distribution down to very thin materials. Simulated results in [1] also showed that both the permittivity and geometry of the sample had a strong influence on the field spatial distribution.
In this paper, different mode-stirrer configurations are explored in order to study their effect upon the sample electricfield distribution and to look for alternatives that avoid edge overheating in all kind of dielectric materials. Due to the fact that the possibilities for the mode stirrers' position, shape, and movement are very wide, only some of them have been investigated. Both the geometry and permittivity of the sample are again considered as the main parameters for this study.
Furthermore, a generalized plane-wave approach (GPWA) [6] is proposed here as an alternative to Lambert's Law to compare the calculation of the electric-field deposition within dielectric samples taking into consideration the reflections and stationary waves at the material-air interface. The differences between both approaches and the range of validity for the GPWA are discussed.
II. NUMERICAL FORMULATION
A. Finite-Element Method (FEM) Approach Applied to the Multimode Cavity
The multimode microwave applicators considered here are metallic cubic boxes that have been discretized as 2-D rectangular enclosures excited by the mode with a standard WR-340 waveguide, centered at the top of the cavity (see Fig. 1 ). These chambers contain mode stirrers inside with a continuous movement that enforces time-changing boundary conditions for the electric-field distribution.
The first example depicted in Fig. 1 (a) consist of two vertical metallic plates both moving synchronously along the horizontal direction ( -axis). Several positions of the moving metallic sheets ( -axis) can be examined in order to verify the effect of the stirrer proximity to the sample. The second stirrer arrangement is represented by two metallic blades tracing a synchronous angular movement, as described in [1] , but here, the possibility of different length is considered to evaluate new influences on the electric-field distribution within the sample. The use of a 2-D approach versus the three-dimensional (3-D) is justified by the validation shown in [1] and the required high computing times, even for 2-D scenarios, to achieve a good precision for the electric field calculated within a large multimode cavity.
The numerical computation of the electric field within the multimode cavity and material is calculated for each arrangement by a quadratic average of contribution of the stirrers due to their movement, according to the procedure described in [1] . The Pdetool 1 function included in MATLAB was employed in order to apply the FEM procedure to a mesh in the 2-D domain. In order to obtain a precise solution with the FEM approach and to minimize computing times, a convergence study has been carried out. Equation (1), representing an error indicator, has been implemented and computed as follows for several triangle meshing refinement levels and the simulation scheme depicted in Fig. 2: (1) with being the triangle number, being the error at triangle , being the length of the th side, and being the change in normal derivative over side . Both and were set to 0.5 [7] - [8] . Fig. 3 shows this error indicator versus the number of meshing triangles. As can be observed, the error diminishes exponentially with increasing number of triangles. Yet computing time dramatically increases with the number of nodes. The use of a three-times refined mesh, which is equivalent to 82 684 triangles, provided a good error indicator value. This configuration also provided acceptable computing times for all the simulation scenarios and, consequently, was selected as the meshing strategy.
B. GPWA
The dielectric material, as represented in Fig. 4 , is assumed here as an homogeneous dielectric material of rectangular section in free space.
This dielectric, which represents the heated sample in the multimode cavity, is excited by an enforced field as combination of TM-polarized plane waves [6] (2) excites polarization currents in the dielectric region, which produces a scattered field . This field is related to the currents by the integral operator (3) where is the intrinsic impedance of free space and is the Hankel function of the second kind, zero order. Equation (3) is solved here by the method of moments (MoM) [9] by expanding the currents by base and weight functions (4) A simplification of the electric field computed from previous equations is precisely the Lambert's Law since it does not consider the reflections at the dielectric-air interface. Assuming the dielectric material of Fig. 4 and four different planes waves propagating toward the center of the material, from different orthogonal angles, Lambert's Law is given by (5) where is the attenuation factor , which depends upon the permittivity of the material [2] , and and are the sample length in the canonical directions and , respectively. In (2), the weight coefficients are calculated from the electric-field magnitude that best fit the quadratic minimum error for the behavior described by the FEM approach.
III. NUMERICAL RESULTS AND DISCUSSION
A. FEM Simulations of the Multimode Cavity With Mode Stirrers
The two different scenarios illustrated in Fig. 1 are assessed here. For the mode stirrer's configuration illustrated in Fig. 1(a) , three vertical positions of the metallic plates are examined: one far from the material sample, (named Position I), another centered along the -axis of the cavity (Position II), and a third one close to the dielectric load (Position III).
In the second arrangement, the metallic blades with angular movement of Fig. 1 (b) are evaluated with three different lengths.
The permittivity of dielectrics for the simulations were selected from [2] taking into account values of real materials commonly processed with microwaves. These materials are ("Royal Grey" paper), (30% wet ceramic brick), and (beef steak). For each arrangement analyzed, the average electric-field distribution in the sample was computed for different stirrer's movements along the -axis.
1) Scenario I: Vertical Stirrers With Horizontal Movement:
The stirrer arrangement analyzed first corresponds to the schematic of Fig. 1(a) with the metallic plates at the top of the multimode cavity (Position I). Table I gives the geometric and physical description of the stirrers and materials. Fig. 5 shows the electric-field distribution for four specific positions of the stirrers. As expected, we can observe in Fig. 5 very different electric-field distributions inside the cavity and sample, enforced by the horizontal movement of the metallic sheets. Fig. 6 shows the average electric field at the center of the three dielectric materials for Position I of these stirrers, where we can appreciate a different number of stationary waves for each material. Likewise, the magnitude of the electric field decreasing as the complex permittivity increases, mainly due to the reflection created at the air-material discontinuity. For moderate-and high-loss materials, we can also observe the overexcitation at the edges, which is in accordance to the results reported in other stirrer configuration [1] .
From the point-of-view of field uniformity, the results obtained for this new stirrer are similar to those obtained with previous designs. In order to assess this field uniformity with other stirrer configurations, the results showed in Fig. 6 are compared with the results obtained when shifting the stirrers to Positions II and III. Fig. 7 shows the average electric field at the center of the three dielectric materials for stirrers placed at Positions I-III.
In these simulations, the electric-field pattern for the lower permittivity material is more uniform for the stirrer at Position III (lower ratio between the maximum and minimum magnitude of the electric field). From this comparison, we can conclude that the stirrer configuration is of the utmost importance in order to achieve field uniformity. Consequently, it appears that, for these kinds of dielectrics, it is highly recommendable to place the mode stirrers as close as possible to the sample. However, for medium-and high-loss dielectrics, the electric field follows a very similar pattern, which seems to indicate that the mode stirrers' arrangement of scenario I does not influence pattern uniformity so much as it does for low-loss materials.
We can also appreciate from Fig. 7 the different electric-field intensities for the three materials regardless of the stirrer position. In order to identify the main cause for these differences in magnitude, a combination of dielectric constant and loss factor of the considered materials has been simulated for Position III of the stirrer, and the comparison is showed in Fig. 8 . From Fig. 8 , the first effect that can be clearly appreciated is a low electric-field intensity for high-loss materials and, once again, a high concentration of this field at the edges, avoiding the penetration of fields within the sample volume. This low value is associated to the poor coupling at the air-material interface and it is almost independent of the sample dielectric constant. Regarding other permittivity values, the main effect observed in Fig. 8 is a variable coupling depending upon the complex permittivity (real and imaginary parts) and the number of oscillations according to the wavelength inside the material, wherein lower loss factors allow the field to easily penetrate the sample and a smoother distribution can be achieved. For low dielectric constant values, the coupling is dominated by the loss factor and, for the other values, both magnitudes ( , ) have influence on the damping at the air-dielectric interface.
2) Scenario II: Vertical Stirrers With Angular Movement: For the geometry of the mode stirrer's configuration illustrated in Fig. 1(b) , three lengths for the symmetric metallic blades are evaluated, called Lengths I-III, III being longer than the rest. The geometrical description and simulation parameters are given in Table II . Fig. 9 shows the electric-field distribution in the multimode cavity for four different angles of the metallic blades with length III. We can appreciate from Fig. 9 that the blade movements provide very different electric-field spatial distributions in both the cavity and sample in a similar manner than with other stirrers' configurations. Fig. 10 represents the computed average electric-field distribution at the center of the material samples with low, medium, and high losses for the three lengths of the stirrer blades.
When the permittivity is low (both dielectric constant and loss factor), the electric-field distribution is very different depending upon the stirrer length, and also very different from those shown in Fig. 7 . Moreover, the field uniformity is better for the stirrer with length III, which confirms that the electric-field distribution uniformity is improved for those stirrer arrangements closer to the material. Once more, it is demonstrated that the stirrer design is extremely important to obtain a uniform electric power pattern.
For medium-and high-loss dielectrics, the electric-field distribution at the sample follows a very similar pattern than for the other stirrers' scenarios. Certainly, all the configurations showed higher electric-field intensities at the edges of the sample regardless of the mode-stirrer's configuration. This allows concluding that the electric-field distribution uniformity depends much more strongly on its geometry and permittivity than on the stirrer configuration. Thus, for these kinds of materials, new strategies must be searched in order to achieve the desired electric-field uniformity and thus, avoid, for instance, runaway effects [2] . Fig. 11 shows the average electric-field distribution calculated for length III of the blade stirrer, applied to a combination of dielectric constant and loss factor values of the materials mentioned above. The same conclusions derived from Fig. 8 apply here with this new stirrer's scenario.
B. GPWA
The electric-field distribution in the multimode microwave applicator seems to be independent of the stirrer arrangement for medium and high dielectric loss materials, and the electric- field behavior is very similar to that provided by plane waves propagating in lossy media. Due to this, here we compare two different computing approaches for these kinds of applicators: the first approach is given by the FEM procedure described in [1] , while the second is the one that uses the generalized planewave equations. The GPWA is used to obtain the electric-field distribution within the sample and the simulated patterns are compared to that obtained for the different stirrers' schemes and dielectric materials.
Figs. 12 and 13 show several electric-field distributions at the center of the sample for different dielectric permittivities and stirrers' configurations calculated in previous sections and comparing those obtained with the GPWA.
It is clearly observed in Fig. 13 that the electric-field distribution computed through the GPWA is very similar to that obtained for all that stirrers' arrangements when considering medium-and high-loss dielectric materials. This implies that, for these kinds of materials, the procedure summarized in Section II-A and used to compute the electric-field distribution within the dielectric sample can be avoided by the use of the GPWA, which is a much more simple and efficient technique in terms of computational cost. In fact, while the GPWA implies only one simulation and a very reduced computational domain only limited to the sample size, the method presented in [1] requires 32 simulations to obtain an acceptable precision. Unfortunately, Fig. 12 also shows that, for low-loss materials, the electric-field distributions cannot be acceptably predicted by the GPWA. In fact, for these kinds of dielectrics, the stirrer configuration very strongly determines the electric-field deposition within the sample.
On the other hand, Fig. 14 shows the range of application for GPWA versus the sample thickness. In this case, the relative complex permittivity is fixed at , while the electric-field pattern is computed for three different sample thicknesses ( and mm) and the angular stirrer in Length I. The electric-field patterns computed through the GPWA are compared this time to the stirrers' configuration described in scenario I. Results indicate that the GPWA can predict the electric-field patterns for thick materials better than for thin samples. Moreover, for mm, the GPWA electric-field prediction strongly differs to the results given by the FEM procedure. However, for thicker materials, both methods provide very similar results.
These results indicate that, at least for thick dielectrics with moderate or high losses, the computation of the electric-field patterns in multimode microwave-heating cavities that contain stirrers can be solved through a very simple theory based on plane-wave propagation. This is explained by the fact that the TE and TM modes excited by the mode stirrers' movement create average electric-field distributions that can be associated to plane waves.
IV. CONCLUSIONS
In this paper, a comparison of the performance of different mode stirrers' configurations has been carried out for low-, medium-, and high-loss dielectric materials. Simulated results have shown that both the sample permittivity and stirrer configuration have a strong influence on the field spatial distribution. Similar electric-field patterns have been obtained for all the evaluated stirrer scenarios, mainly for medium-and high-loss dielectrics. For these materials, no stirrer configuration has been able to avoid edge overheating. However, for low-permittivity materials, the stirrers' design seems to be very critical in order to obtain an acceptable uniform electric-field distribution within the sample. Stirrer designs with movements nearer the material have shown an important improvement in the uniformity in all simulated scenarios.
Additionally, the computation of the electric-field distribution through the GPWA has been demonstrated to be very similar to that obtained with the FEM approach for medium-and high-loss samples, but different for low-loss dielectrics. This indicates that, for thick high-loss materials, the stationary waves, induced by the reflections of the dielectric-air interface, determine the electric-field distribution, leaving the influence of the stirrers' configuration to a minor role. For low-loss materials, however, the role of stirrer's arrangements becomes of the utmost importance. Hence, the main effect of stirrers on high-loss materials is to generate different contributions that can be considered and modeled as equivalent plane waves on the dielectric. In this way, further research is envisaged to look for additional strategies that can reduce the overheating of the dielectric edges in high-and medium-loss materials. 
